Introduction
In Europe, point source discharges have been targeted through the implementation of several European Union (EU) Directives (e.g. EU Integrated Pollution Prevention and Control (IPPC) Directive (2008) and the EU Urban Waste-Water Directive (UWWD) (1991) ) and the need to protect aquatic ecosystems through the mitigation of both point and diffuse urban pollution sources is being addressed through the implementation of EU Water Framework Directive (WFD) (2000) . Measures set out in the WFD include reducing emissions of specified priority substances (PS) and the phaseout of discharges of priority hazardous substances (PHS) to achieve a good ecological and chemical status with environmental quality standards (EQS) having been established to support the attainment of this goal (EU Environmental Quality Standards Directive, 2008) . However, whilst point source polluters such as industrial facilities and municipal wastewater treatment plants (WWTP) can be relatively easy to identify (and appropriate emission control measures developed), diffuse sources can be more difficult to locate and control, particularly in urban areas which are spatially and temporally dynamic.
The work described in this paper identifies and compares alternative strategies which can be used to mitigate the emissions of PS/PHS to receiving water bodies. Due to the unavailability of complete data sets for individual cities, an innovative approach is adopted involving the development and use of semi-hypothetical case cities (SHCC). These are virtual cities in which the parameters necessary to inform a comparison of alternative emission control strategies (ECS) are defined using a combination of real city data, literature data and, where neither of these is available, expert judgement to reduce the overall level of uncertainty in the final assessment.
Environmental control strategies can provide an important input into the establishment of programmes of measures (POMs) (Baarner, 2011) in order to improve water status at river basin catchment level. The POMs need to address the pressures arising from both urban and non-urban sources and their planning and implementation needs to involve a diverse range of stakeholders from different levels of government, industry, business and community. Ellis and Mitchell (2006) have specifically addressed the problems associated with tackling diffuse urban water pollution sources and Crabtree et al (2009) have assessed the benefits of pollutant reductions in both end-of-pipe discharges and diffuse sources. The substance flow analysis (SFA) approach, discussed in this paper, provides an alternative methodology for determining the impacts of different strategies to reduce pollutant loads derived from point and diffuse sources as well as recognising the importance of legislation and voluntary controls.
SFA supports an overall management strategy by identifying and quantifying inflows, stocks and outflows (e.g. exports and environmental emissions) of a single substance or group of substances within a defined system (van der Voet, 2002) . It requires the definition of clear physical boundaries and an identified time frame which is normally one year. Burstrom (1999) and Linqvist and von Malmborg (2004) have pointed out the benefits of the SFA approach to environmental management at the municipal level based on the provision of both quantitative and qualitative information. Important compartments at the urban scale include air, soil, impermeable surfaces, groundwater, surface waters, sewage sludge and industrial waste. These are all considered in this paper but the focus is on the urban water system and the roles of wastewater and stormwater in transferring pollutants to the receiving water environment. Previous applications of SFA with respect to wastewater (Eriksson et al, 2008) and stormwater (Ahlman and Svensson, 2002; Bjorklund, 2010) have been reported for selected organic and inorganic pollutants. This paper presents the SFA results for two PHS (cadmium (Cd) and mercury (Hg)) within two SHCC possessing different characteristics and uses these to inform a comparative evaluation of six alternative ECS which are designed to take account of different legislative, technical and voluntary approaches for minimising the releases of PS/PHS.
Methodology and implications of introducing different emission control strategies

Characteristics of hypothetical case study cities
The characteristics of the SHCC, required to inform the evaluative comparison of alternative ECS through the use of SFA, have been identified and defined through the collation of data from a range of sources. A total of 87 EU water-related research projects were reviewed to identify key urban descriptors (Eriksson et al., 2009) , which were then quantitatively benchmarked based on a review of the literature, including the Eurostat statistical data set (2012), the Urban Audit (2008) , and the use of expert judgement derived through discussions held within the EU FP6 ScorePP project. Using this approach the data for two SHCC, identified as an Eastern European Inland (EI) city and a Northern European Coastal (NC) city, have been collected. Key characteristics of EI are that it has a growing economy with many heavy industries, is experiencing substantial population growth and is situated by a large river. NC has a consumer-oriented industry, an environmentally-aware public sector and is located on the coast at the mouth of a medium-sized river . Data on the pathways, release factors and loads of Cd and Hg generated by identified sources have been derived from a previously established source classification database (Holten Lützhøft et al., 2012) . Pollutant releases from specific activities and processes have been appropriately scaled-up or -down (e.g. according to population size, tonnes of municipal waste produced etc.) to yield SHCC specific loads (Eriksson et al., 2011) .
Pollutant processes
The pollutant inputs to the urban water system originate from the process outflows producing PS/PHS during the chosen time period and from the products and commodities containing the PS/PHS. The pollutant pathways involving different components of the urban water environment are shown in Figure 1 . The pollutant loads deposited on urban surfaces are considered to be washed off during storm events ending up in either the combined sewer system or the storm sewer system with the latter being treated in stormwater best management practice systems (BMP) or discharged directly to a receiving water environment. Within a stormwater BMP, the PS/PHS can be biotically or abiotically degraded or accumulated in sediments prior to discharge. Pollutants entering the combined sewer may be treated at the WWTP (involving processes such as biodegradation, volatilisation, and sludge accumulation) or discharged to the river through combined sewer overflows during times of high flow. The involvement of the different pathways will be dependent on both the characteristics of the SHCC and the applied ECS but within the urban water system the following represent important receiving 'compartments':
 Air (volatilization)  Sludge (e.g. at the WWTP)  Sediment (e.g within stormwater BMP)  Soil (direct deposition or accumulation during infiltration)  Groundwater (following infiltration)  Discharge to receiving waters.
Emission control strategies (ECS)
The potentials for the removal of Cd and Hg from urban water systems in the two SHCC are investigated through the application of six different ECS. ECS1 represents the current or 'businessas-usual' scenario for which the relevant contributions to the different water compartments and the resulting percentage metal removals are shown in Figure 1 . The pollutant pathways in the urban water environment considered in the SFA process. runoff enters the stormwater system but this reduces to 10% for NC and in both cases it is estimated that only 25% of the stormwater receives treatment through the use of detention/retention ponds. Hossain et. al. (2005) have reported total Cd removal efficiencies for a highway stormwater pond can vary from 0 to 100% with a mean of 55%. A consideration of the theoretical implications for Cd removal in pond systems suggests a lower efficiency (Revitt et. al., 2008) and 30% has been used in this application (Table 1 ). The predicted removal efficiencies for the same treatment systems for Hg are higher at 70-90% (Revitt et. al., 2008) with measured values for an urban stormwater pond being quoted as 56% (Semadeni-Davies, 2006) . A compromise value of 70% has been used resulting in the Hg removal potentials shown in Table 1 . Under ECS1, 18% of the stormwater entering the combined sewer system, is estimated to be discharged direct to surface waters for EI compared to 10% for NC.
The percentages of municipal wastewaters which are assumed to be treated to secondary standard are shown in Table 1 with this level of treatment being considered to lead to the incorporation of an average of 60% Cd (Buzier et.al., 2006; Karvelas et.al., 2003) and 80% Hg (Balogh and Liang, 1995; Mugan, 1996) into WWTP sludge . Under ECS1, it is recognised that only the heavy polluting industries receive treatment to the level demanded by EU IPPC Directive (2008) under the Best Available Technology (BAT) philosophy leading to the low percentages of industrial wastewaters which receive effective treatment (Table 1) . From the range of BAT techniques available for the treatment of both Cd and Hg, a combination of precipitation and settling is considered appropriate to remove Cd in both cities resulting in a 70% reduction in the discharges to water (EC Reference Document on Ceramic Manufacturing Industry, 2007). In the case of Hg, settling/clarification are the main removal processes employed in EI (70% reduction) whereas more sophisticated techniques involving nanofiltration/adsorption are utilised in NC producing 90% removal of Hg from industrial wastewaters. The resulting small overall reductions in industrial metal discharges are shown in Table  1 . Table  2 together with the predicted impacts on the emissions of Cd and Hg which are based on whether a complete pollutant ban, a use restriction or the achievement of an emission limit is required and taking into account the usage or process applications in the different cities. Also in ECS2, it is assumed that all municipal wastewaters are treated to at least secondary standard in line with the requirements of the EU UWWD (1991). This has the effect of increasing the Cd and Hg loads removed to sewage sludge at the WWTPs of both cities to 60% and 80% of the inputs, respectively. The metal removal efficiencies for Cd and Hg achieved from industrial wastewaters by BAT are extended to moderately and heavily polluting industries with the consequence that 11.6% and 8.7% of industrial discharges will be efficiently treated in EI and NC, respectively. The resulting metal reductions are 8.5% for Hg and Cd in EI, 7.8% for Hg NC and 6.1% for Cd in NC.
ECS 3-6 incorporate the measures already discussed and implemented under ECS2 with additional control actions according to the main sources of the pollutants. ECS3 is characterised by the inclusion of a range of voluntary mitigation options at the household, commercial and/or industrial levels as identified in Table 3 together with the predicted additional reductions. In many cases the reductions are difficult to identify precisely because, being voluntary, they will be influenced by the success of stakeholder-driven initiatives such as eco-labelling practices, information/education campaigns and financial incentives to promote reuse and recycling. Many of the available options relate to source control measures involving substitution of the item containing the pollutant (e.g. artist paints containing Cd) or the management of processes that may result in release (e.g. Hg deriving from dental amalgam). Mitigation of releases from existing stocks can be achieved by careful disposal of waste leading, for example, to lower environmental releases as can be seen in Table 3 with, 20-25% reductions in Cd emissions being achievable through the effective implementation of battery recycling at household and commercial levels. ECS4 applies specifically to the industrial processes resulting in discharges of Cd and/or Hg in each SHCC and considers the impact of the widespread application of on-site treatment using BAT. All industrial facilities are included regardless of size and polluting potential and the envisaged removal efficiencies are increased from 70 to 80% for Cd in both cities and for Hg in EI. The corresponding value for Hg in NC is maintained at 90% as was applied to the smaller number of industries included in ECS1 and ECS2. The identified increases in removal efficiencies are due to the feasibility of extending the industrial wastewater treatment techniques beyond generic BAT and are consistent with the range of removal efficiencies in excess of 90% which have been reported for both Cd (Rao et. al., 2010) and Hg (Barron-Zambrano et. al., 2004) .
ECS5 represents improvements to the management of stormwater and the mitigation of combined sewer overflows through the use of stormwater BMPs. These treatment systems are considered to be applied to 80% and 90% of the discharged stormwater in EI and NC, respectively. In addition, by installing BMPs such as infiltration basins, constructed wetlands and porous paving, which have been shown to be efficient at removing metals (Revitt et al, 2008) , the removal efficiencies can be increased to 70% for Cd (Visesmanee et. al., 2008) and 90% for Hg (Nelson et. al., 2006) . Consequently, the overall metal removal levels which can be achieved are 56% and 63% for Cd in EI and NC and 72% and 81% for Hg in EI and NC. The use of advanced wastewater treatment technologies beyond the current legislative requirements (ECS2) is envisaged under ECS6. In addition to the cities being fully served by wastewater treatment to primary and secondary level some of the treatment plants in this scenario are equipped with appropriate tertiary treatment or extended sludge aging to remove the relevant priority substances. For EI it is assumed that 50% of the municipal sewage is treated to tertiary level and that this increases to 75% for NC. Based on improved overall Cd removal efficiencies to 90% when using tertiary treatment (Wu et. al., 2005) , the Cd reductions achieved at the WWTP would increase to 75% and 87.5% for EI and NC, respectively. The corresponding values for Hg, based on 95% removal by tertiary treatment would be 87.5% and 91.2%.
To be consistent with the stated objectives, the emphasis behind the development of the different ECS has concentrated on scientific and technical considerations. However, reference has also been made to the relevance of political aspects (e.g. ECS2) and to the importance of organisational/operational capabilities (e.g. ECS3) in contributing to the reductions in Cd and Hg emissions. Financial aspects (including capital, operational and maintenance costs) will also influence the feasibility of introducing a particular ECS but are difficult to assess partly because of the different ways in which the economic costs are presented. Viavattene et al (2010) have reviewed the limited economic data which is available in relation to the introduction of technical options (ECS4-6) The cost implications need to be balanced against the identified benefits e.g. the social awareness improvements associated with the installation of BMPs to reduce the impacts of stormwater (ECS5) and the environmental gains deriving from the instigation of voluntary controls.
It is clear that the definitive selection of a control strategy requires the active involvement of a number of different stakeholders whose views reflect a diverse range of priorities and concerns. To define the most appropriate ECS as part of a collective policy-making and implementation process becomes complex and intuitive reasoning and expert judgement may not be sufficient to achieve a decision that satisfies all stakeholders (Brunner and Starkl, 2004) . One approach for ensuring transparency and accountability in reaching a decision is the use of multi-criteria analysis (MCA) in which the performances of several options are assessed against a range of established criteria. Indicators can then be developed to provide a measure of the extent to which the criteria are met by the selected options (Ellis et al., 2008; Makropoulos et al., 2008) through the completion of a bench-marking exercise which enables the decision-maker to compare alternatives in a robust, transparent and accountable way. Table 4 identifies a range of criteria and supporting indicators which could act as a framework to support a more holistic integrated evaluation of ECS with regard to their impact on substance flow. This paper concentrates on technical feasibility, efficiency of proposed procedure and environmental impact with less emphasis on economic considerations and social impact. 
Results and Discussion
Overall emissions of Cd and Hg
Mercury is emitted from a range of point and diffuse sources, of which 37 different sources have been identified in EI and NC including combustion (e.g. transport, energy production), industrial processes by-products (e.g. metals and paper), dental amalgam and various household goods (Eriksson et al., 20110) . Cadmium is ubiquitous in the urban environment and 55 sources have been identified in EI and NC, ranging from transportation and electricity generation to the life-cycle of Cd-containing products such as stabilisers, alloys and electrical components (van de Voet et. al., 1994) . Table 5 gives an overview of the predicted total emissions of Hg and Cd to the environment in both cities following the application of SFA to each ECS. Under the current existing situation (ECS1), the total emissions of Hg to the environment are higher in NC than EI. In contrast, the total emissions of Cd are greater in EI in comparison to NC, reflecting differences in city-specific characteristics such as the numbers and types of local industries, population size and waste management practices. The full implementation of existing European legislation (ECS2) has the potential to reduce total emissions to the urban environment by 11% (Hg in EI), 20% (Hg in NC) and 18% (Cd in both cities) ( Table 5 ). The impact of the introduction of voluntary mitigation options (ECS3), such as the installation of dental amalgam traps and the availability of efficient battery collection programmes further reduces the total emissions of Cd and Hg in both cities. However, this scenario is considerably more beneficial for Cd as the potential emission reduction measures are directed at more numerous widely practised sources. The reductions of Cd emissions due to the adoption of voluntary activities are predicted to be considerably greater for NC (27%) compared to EI (16%) with one reason being the more socially aware attitudes of the population in the former city. The installation of state-of-the-art water treatment facilities for industrial wastewater, stormwater and municipal wastewater (ECS4-6) does not have the potential to reduce the overall emissions of Cd and Hg for either city above the level achieved by ECS2 (Table 5 ) but they do exert an important influence on the location of the final environmental compartment. 
Emissions to individual environmental compartments
To examine the overall trends in more detail, the SFA approach has been used to assess the Cd and Hg loads emitted to the individual environmental compartments identified in Figure 1 . Emissions to surface waters may occur directly from the source or in the discharges arising from untreated urban runoff and combined sewer overflows and to a lesser extent in the effluents from treated industrial and municipal wastewaters. Direct emissions of Cd to water occur following the application of fertilisers (Cupit et. al., 2002; Thevenot et. al., 2007) during market gardening activities and the landfilling of wastes collected from, for example, the production of Ni/Cd batteries. Comparable Hg emissions occur due to the erosion of car tyres and road surfaces (Bergback et. al., 2001) as well as from coal combustion installations (Sundseth et. al., 2012) . Landfill activities (Al-Muzaini, 2009) as well as the spreading of sewage sludge to agricultural land (McBride et. al., 1999) have been identified as sources of both metals to groundwaters. The emphasis on sludge disposal to land (50% of the total in NC; 60% of the total in EI) also contributes to the build up of both metals in the soil environment (Thevenot et. al, 2007; Carbonell, 2009 ). The sludge environmental compartment is added to as a result of both industrial and wastewater treatment processes with dental practices making an important Hg contribution (Bergback et. al., 2001) . BMPs represent an important treatment facility for stormwater with the sediment compartment acting as a sink for Cd and Hg. Municipal waste incineration is an important contributor to the atmospheric compartment in both cities. Additionally, Cd is emitted to air by Cd processing plants and the manufacture of Ni/Cd batteries (Pacyna, 1984) with airborne Hg arising from coal combustion (Pirrone et. al., 2010) , crematorium incinerators (Bergback et. al., 2001; Takaoka et. al., 2010) and landfill emissions (Holten Lützhøft et al., 2012) .
Analysis of Hg emissions
The patterns of Hg emissions to the different identified environmental compartments are shown in Figures 2 and 3 for EI and NC, respectively. Major differences can be observed under the existing scenario (ECS1) with emissions to surface water dominating in EI ( Figure 2 ) followed by emissions to WWTP sludge and soil which are at lower but comparable levels. This contrasts sharply with the pattern of Hg emissions in NC, where emissions to air are highest, followed by emissions to WWTP sludge and then emissions to surface water (Figure 3 ). Whilst the larger population in EI would be expected to produce greater Hg emissions to air from cremations, it appears that a more important influencing factor for this environmental compartment is the higher amount of land-filled waste produced by the increased consumer related activities in NC compared to EI . Hg emissions from landfill are associated with the production and subsequent release of methyl mercury in landfill gases (Lindberg et al., 2005) .
Within EI, the Hg emission patterns show clear variations due to the progressive applications of ECS 2-6. The largest decrease is observed in the release of Hg to receiving waters due to the application of ECS5 (ECS2 combined with the widespread use of stormwater BMPs (Figure 2) ). This reduction in Hg emissions to water (59%) is related to the fact that diffuse sources such as heating and traffic make important contributions of Hg to stormwater runoff prior to removal in ECS5. In NC, the Hg emissions to air and water show the most significant variations, with decreases in the former (25%) being solely influenced by the implementation of the relevant legislation (ECS2). The largest reductions in Hg emissions to surface waters (63%) are associated with the improvements in WWTP efficiencies (ECS6) (Figure 3) . The Hg emissions to all environmental compartments generally decrease in both cities as a consequence of the application of ECS2. However, an exception is the emission to the wastewater treatment sludge compartment in EI where a 32% increase is predicted reflecting the impact of, for example, increasing the number of properties connected to the WWTP. Other increases occur depending on which water treatment practices exert important influencing roles by reducing the Hg emissions to receiving waters. This is illustrated by the role of ECS5 in EI, which results in a quadrupling of emissions to the stormwater BMP sediment. In NC, the impact of ECS6 produces a 8% increase in Hg loading to WWTP sludge. The translocation of Hg between different compartments is consistent with the fact that as a metal, Hg cannot be degraded (although its compounds can be biologically and chemically transformed).
Analysis of Cd emissions
The SFA results for Cd for ECS1 show elevated emissions to the majority of individual environmental compartments compared to Hg but the overall trends in both cities (Figures 4 and 5 ) are similar. The impacts appear to be greater in EI due to the higher Cd emissions in this city. Emissions to groundwater dominate under all ECS followed by emissions to soil due to activities such as land filling of municipal waste, waste incineration and the use of fertilisers in both cities. The higher Cd loads entering groundwater are consistent with the established mobility of this metal in the soil environment (Dusek et. al., 2010) . The lowest emissions of Cd in both cities are consistently to sludge, sediments and air. This is particularly noticeable in sediments except for the widespread implementation of BMPs which leads to elevated levels in treatment system sediments. The lower atmospheric presence of Cd compared with Hg is consistent with its lower volatility. The applications of ECS2 and ECS3 significantly reduce the Cd loads to soil (37% to 49%) and groundwater (42% to 54%) but have a lesser impact on emissions to water (19 to 22%). However, further reductions in Cd discharges to receiving waters occur with the introduction of extended and improved water treatment processes (ECS4-6) but, as for Hg, it is the widespread use of stormwater treatment which appears to be most effective in EI achieving a 39% reduction. The corresponding Cd reduction in NC is only 20% but in this city better protection of the receiving water environment is offered by improved treatment of industrial wastewaters (32% reduction) and advanced municipal wastewater treatment (43% reduction). As was observed for Hg emissions, the reductions in Cd discharges to surface waters are accompanied by increases in the Cd loads found in BMP sediments (640%) and WWTP sludges (54%). The increase in sludge loads may be associated with a combination of factors including the increased connection of homes to a WWTP under ECS2 in EI and the use of Cd in a wider range of products in both cities in comparison to Hg. The treatment technologies identified in ECS4-6 result in the translocation of the metal rather than a reduction to the environment as a whole.
Conclusions
In the EU, the implementation of the WFD presents a major challenge which is being addressed through the development and implementation of POMs to achieve the stringent objectives. In the absence of complete data sets on catchment characteristics and the efficiencies of treatment technologies for the removal of PS/PHS, the implementation of alternative ECS within SHCC platforms is proposed as an approach to support practitioners to achieve the legislative requirements by using a combination of available data and (in its absence) expert judgement. The presented results identify the potential of using SFA within a SHCC environment to distinguish, at a sufficiently sensitive level, between the applications of alternative ECS on a 'city-by-city' and 'pollutant-bypollutant' basis. For the chosen pollutants of Cd and Hg, the selected cities are shown to demonstrate preferential benefits from the implementation of different water treatment options with the extent of these being dependent on the pollutant. The essentially non-destructible characteristics of Cd and Hg results in their movement between compartments, with reductions in the emissions to one compartment corresponding to increased emissions to another. This represents an important policy consideration which needs to be taken into account, and be informed by scientific opinion, when assessing the most appropriate implementation option. Reductions in total emissions to the urban environment can only be achieved through targeting the use of Cd and Hg 'at source' through for example, the application of legislation (ECS2) and/or voluntary measures (ECS3) to limit their presence in the supply chain and resulting products. Currently, the application of the mass-balance approach includes limited consideration of socio-economic factors. The fuller inclusion of these aspects is important in terms of informing the development of POMs which are economically feasible and socially acceptable to industry, commercial operators and wider society.
